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Abstract This paper presents experimentally validated
three-dimensional numerical simulation of a 350 kW pilot-
scale bubbling fluidized bed combustor, which has been
developed by using commercial CFD software package,
Fluent 14.5. The solid particle distribution has been sim-
ulated by using the multiphase Euler–Euler Approach. The
gas–solid momentum exchange coefficients were calcu-
lated by using Syamlal and O’Brien drag functions. The
CFD model is created as the realistic representation of the
actual pilot-scale bubbling fluidized bed. All simulations
are performed in transient mode for an operation time of
about 350 s. The experimental study is performed with
silica sand particles with mean particle size of 0.6 mm and
density of 1639 kg/m3. The bed was filled with particles up
to a height of 0.30 m. The same conditions are used for the
simulations. The present work combines both experimental
and computational studies, where the CFD-Simulation
results are compared to those obtained by experiments. The
predicted simulation results of minimum fluidization
velocity and pressure drop values of the pilot-scale bub-
bling fluidized bed combustor have good agreement with
the experimental measurements.
Keywords Fluidized bed  Sewage sludge combustion 
Hydrodynamics  Numerical simulation  Two-fluid model
Introduction
Fluidized beds are used in a wide range of industrial
applications, covering many sectors including chemical,
combustion and energy industries. This variety of appli-
cations by fluidized bed systems has the importance of this
technology enormously increased. Due to uniform particle
mixing and large areas of contact between different phases
generated by intensive mixing, fluidized beds have become
an important asset in the field of combustion. In the flu-
idized bed combustor, the fuel particles are suspended and
burnt with an intensive mass and heat exchange of hot sand
particles and combustion air as well as mass transfer and
reactions between gas and fuel particles. In this process, the
resulting combustion heat is directly absorbed by the sand
bed. This thermal energy stored in the sand particles leads
to a homogeneous temperature distribution throughout the
fluidized bed and prevents the formation of temperature
peaks in bed surface areas [1]. Therefore the heat transfer
efficiency in the fluidized bed combustors is strongly
dependent on the fluidization quality, and thus is necessary
to understand the most important hydrodynamic parame-
ters of the mixtures such as minimum fluidization velocity
and maximum bed pressure drop in order to ensure an
optimal operating conditions and a complete combustion
with minimal pollutant formation in combustion processes.
Bubbling fluidized bed combustor offers a number of
advantages compared to other traditional technologies
including better heat transfer characteristics and lower
temperature requirements. This results in lower nitrogen
oxide (NOx) formation, which can be further lowered by
the introduction of moderated secondary over fire air.
Another important advantage of fluidized beds is their
ability to incinerate a wide variety of materials. A fluidized
bed relies on residual heat being retained within the bed
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and surrounding lining of the combustion area. Therefore
when fuels of varying particle size, moisture content,
ashing potential and calorific value are introduced, a flu-
idized bed can completely combust the material whilst
utilising the fuels energy to it maximum potential. All these
points culminate to a technology which is desired when
handling less than desirable fuels [1–3].
During the last few years, fluidized bed combustion has
been increasingly utilised in the field of combustion of
Biomass, sewage sludge and low grade brown coals in
order to decrease the emissions and minimising the envi-
ronmental impact in energy production. Research, devel-
opment and design of fluidized bed reactors has been
focused towards achieving a better understanding of the
behaviour of the bed material during the combustion pro-
cess. But the complex physical and chemical process inside
the fluidized bed is still not well understood [1, 2]. Because
of the multivariable and complex nonlinear behaviour of
the fluidized beds and the many solid particle interactions,
the modelling of fluidized bed reactors to simulate the
hydrodynamics of gas–solid particles is very challenging.
Computational Fluid Dynamics (CFD) is the most common
numerical technique to simulate multiphase flow. CFD has
been developed especially for the simulation of the flow
behaviour, and has proven its use in the investigation and
optimization of many processes. These numerical methods
have the advantage, where the experiments are not possible
to be undertaken in a real system, because of the high costs,
time required and complicity. The objective of CFD-Sim-
ulation is to identify complex flow problems in the con-
struction as well as in existing systems and to help
optimising the processes. The use of CFD program pack-
ages in design and analysis of industrial flow processes has
significantly increased in the last decade, especially in the
field of combustion and energy industries. There have been
numerous studies carried out and considerable progress
made in the lasts few years in the area of hydrodynamic
modelling of gas–solid particle in the fluidized bed with the
use of CFD simulation software [4–6].
CFD as a method of analysis is becoming an important
tool to advance our understanding of the hydrodynamics in
fluidized beds. Nevertheless, CFD is still at the validation
stages for modelling multiphase flow, and more improve-
ments regarding the flow dynamics and computational
models are required to make it a more reliable tool in
designing of large scale industrial reactors [3].
In the literature, there are two different numerical
approaches for modelling the hydrodynamics of gas–solid
two-phase flow with CFD simulation: the Euler–Euler and
the Euler–Lagrange method [7]. The Euler–Euler method
treats each phase as an interpenetrating continuum. In the
Euler–Lagrange approach, the gas phase is treated as
continua while the solid phases are treated as discrete
particles. There are also many drag models that have been
developed to investigate the interaction between gas and
solid particles in fluidized bed, such as the Syamlal and
O’Brien, Wen and Yu and Gidaspow drag models [1, 4, 7].
Unfortunately, in only a limited number of studies have
researchers combine both numerical and experimental
investigations on the hydrodynamics of a gas–solid flu-
idized beds.
Taghipour et al. [8] investigated the hydrodynamics of a
two-dimensional gassolid fluidized bed reactor using a
Syamlal and O’Brien, Wen and Yu and Gidaspow drag
models, and found that the predicted pressure drops with
Syamlal and O’Brien and Gidaspow drag models are in
good agreement with the experimental measurements at a
higher superficial velocity than the minimum fluidization
velocity.
Hamzehei [9] compared the CFD simulation predicted
results using the Syamlal and O’Brien drag model to the
experimentally measured pressure drop, and found that the
model predictions were in good agreement with the
experimental data.
Ramesh et al. and Almuttahar [10, 11] investigated the
hydrodynamic fluidized bed results predicted from the
Arastoopour, Gidaspow and Syamlal and O’Brien drag
models, the Syamlal and O’Brien drag model was found to
provide better predictions.
Esmaili and Mahinpey [12] have compared the results
from the simulations with eleven different drag models
with respect to minimum fluidization velocity, and found
that Syamlal and O’Brien gives better prediction when
compared with other models. In addition, the Syamlal and
O’Brien drag is able to more accurately predict the mini-
mum fluidization velocity. They also found that three-di-
mensional (3D) simulations provide better results than two-
dimensional (2D) simulations compared with experiments.
Furthermore, one of the main difficulties to validate
CFD models using experimental data is the computational
effort and time needed to perform a detailed 3D simula-
tions of the hydrodynamic behaviours in fluidized beds,
especially for sizing from a pilot-scale fluidized bed reac-
tors to large industrial units. Therefore, most of the CFD
studies on hydrodynamics in fluidized bed reactors have
been performed on a 2D small-scale laboratory rig.
The aim of the present study is therefore to fill this gap
by developing a 3D numerical simulation of gas–solid flow
in a pilot-scale bubbling fluidized bed reactor.
The numerical simulations of this bubbling fluidized bed
were performed using the Eulerian–Eulerian CFD model
incorporating the kinetic theory of granular flow in order to
simulate the gas–solid flow behaviour. Here, results
obtained through CFD simulations calculated by using the
Syamlal and O’Brien drag functions are compared with the
available experimental results from the test rig.
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The main objective of these investigations carried out at
pilot-scale bubbling fluidized bed is to assess the accuracy
of the pressure drop and minimum fluidization velocity
results predicted from the simulations compared to exper-
imental measurements at different superficial gas veloci-
ties, which are known as the most important parameters
that characterize the gas–solid fluidization quality, and
finally to check if the Syamlal and O’Brien model predicts
the fluidization conditions correctly compared to the
measurements obtained from the pilot-scale bed.
Various superficial gas velocities, 0.5, 1.0, 1.25 and
1.5 m/s were examined to determine maximum pressure
drop.
CFD modelling and simulation
In this study, the numerical simulations of gas–solid par-
ticles interactions in a three-dimensional fluidized bed
reactor were carried out. The geometric dimensions for the
model are similar to the pilot test rig. The modelling and
meshing were developed by using SolidWorks and ICEM
CFD software. The geometrical model is meshed using a
structured hexahedral grid with approximately 165,000
cells (502,000 faces). The total number of the computa-
tional grid elements is 182,000.
The simulation geometry of the gas–solid fluidized bed
is shown in Fig. 1. The multiphase model was imple-
mented in the commercial CFD code FLUENT 14.5 using
the Eulerian–Eulerian approach, thereby both phases, gas
and solid are treated as interpenetrating continua but sep-
arately. The gas–solid momentum exchange coefficients
were calculated by using Syamlal and O’Brien drag func-
tions. The internal dimensions of the fluidized bed reactor
are 0:42 0:38 m, which give a bed area of 0.16 m2, and
the height, including freeboard, is 5.0 m. The initial bed
height was 0.30 m. Sand particles with a mean size of
0.6 mm and density of 1639 kg/m3 were used. These val-
ues are consistent with those obtained from the experi-
mental rig. The same modelling parameters were used for
all the cases with varying only the inlet gas velocity. The
inlet superficial gas velocities are set to 0.5, 1.0, 1.25, and
1.5 m/s. The simulations were performed in transient mode
for a time span of 350 s. The computational fluid dynamics
(CFD) model have been developed to investigate how the
inlet air velocity profile affects the fluidization behaviour
of the sand particles in the pilot-scale bubbling fluidized
bed combustor, particularly the pressure drop across the
bed of this solid material and finally choose the correct
parameters for a bubbling flow regime.
The simulation results of pressure drop and fluidization
velocity predicted by the developed CFD model are
validated against experimental measurements obtained
from the bubbling fluidized bed combustor.
The Eulerian–Eulerian model equations for the gas–
solid flow
In the Eulerian–Eulerian multiphase model, both phases are
treated as continuum. The governing equations solved for
the current gas–solid system include the conservation of
mass and momentum.
The continuity equation between gas and solid phases is
give for each phase [6, 13].
The mass conservation of the gas phase (g) can be
written as:
o
ot
ðegqgÞ þ r  ðegqgmgÞ ¼ 0 ð1Þ
and the mass conservation of the solid phase (s) is:
o
ot
ðesqsÞ þ r  ðesqsmsÞ ¼ 0 ð2Þ
where qg and qs are the density of gas and solid phases, and
mg and ms are the velocity vectors for the gas and solid
phases.
The eg and es are the volume fractions of the gas and
solid phases respectively which satisfy the relation.
Fig. 1 The numerical mesh of the experimental BFBC
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eg þ es ¼ 1 ð3Þ
The conservation equation for the momentum of gas phase
is:
o
ot
ðegqgmgÞ þ r  ðegqgmgmgÞ ¼ egrp
þr  sg þ egqggþ Ksgðms  mgÞ
ð4Þ
and the conservation of momentum for the solid phase (s)
is:
o
ot
ðesqsmsÞ þ r  ðesqsmsmsÞ ¼ esrp
rps þr  ss þ esqsgþ Kgsðmg  msÞ
ð5Þ
The subscripts (g) and (s) stand for gas and solid phases, (e)
is the volume fraction, (q) is the density, (p) is the pressure
shared by both phases gas and solid, (ps) is the solid
pressure, (ss) is the stress tensor, (g) is the gravity vector
and (Ksg ¼ Kgs) is the fluid–solid exchange coefficient.
Drag model
The interactions between solid particles and the continuous
gas phase are described by a drag model.
Several drag models for the gas–solid interphase
momentum exchange coefficient Kgs were reported in the
literature [1].
The drag models which are more widely used are
Syamlal and O’Brien, Gidaspow and Wen–Yu drag [11,
14, 15]. Syamlal and O’Brien drag function gives a better
results compared to other drag models, and it is more
suitable for predicting the hydrodynamics of gas–solid flow
in fluidized beds [9, 11].
Therefore, Syamlal and O’Brien drag function has been
applied in this study to describe the momentum exchange
between phases.
This drag law is based on the measurements of the ter-
minal velocities of particles in fluidized or settling beds,
with correlations which are functions of the volume frac-
tion and the relative Reynolds number [9, 15].
The gas–solid exchange coefficient has the form:
Kgs ¼
3  es  eg  qg
4  m2r;s  ds
 CD  Resmr;s
 
 j mg  ms j ð6Þ
where the drag function is given by:
CD ¼ 0:63þ 4:8ﬃﬃﬃﬃﬃ
Res
Vrs
q
0
B@
1
CA
2
ð7Þ
and ðmr;sÞ is the terminal velocity correlation for the solid
phase:
mrs ¼ 0:5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð0:06ResÞ2 þ 0:12Resð2B AÞ þ A2
q
þ 0:5  A 0:03  Res
ð8Þ
with
A ¼ e4:14g and B ¼
0:8  e1:28g for eg 0:85
e2:65g for eg[ 0:85
(
The relative solid Reynolds number of the solid phase is
defined as:
Res ¼
qg  ds j mg  ms j
lg
ð9Þ
where (ds) is the particle diameter and (lg) is dynamic
viscosity of the gas.
Pressure drop and minimum fluidization velocity
In the field of combustion, the air flow rate plays a number
of important roles; primarily providing a cushion of air
which the bed will sit upon as well as mixing the bed
material. This high mixing is the key factor in achieving a
uniform combustion temperature as well as in the oxidation
of combustion materials. In practice, the expansion of the
bed materials in the combustor is almost controlled and
limited by the pressure drop across the bed. Therefore, the
hydrodynamic properties such as the bed pressure drop and
minimum fluidization velocity are the most important
parameters studied in the numerical modelling of fluidized
beds. To achieve and maintain a stable fluidization,
knowledge about the pressure drop across the bed and
minimum fluidization velocity of the gas flow introduced
from the bottom of the bed are required. Therefore the
minimum fluidization air velocity to fluidize the sand
particles and pressure drop are crucial hydrodynamic
parameters for analysing the operation and design of flu-
idized bed combustors. The minimum fluidization velocity
was determined experimentally by measuring the pressure
drop through the bed of particles. The pressure drop is
defined as the difference of absolute pressure under the bed
to that of the area above the bed which is called the free-
board [16, 17].
When the gas velocity is equal to the minimum flu-
idization velocity, the bed pressure drop becomes equal to
its weight per unit volume and thus the pressure drop (Dp)
across the bed in the fluidized condition is calculated as
[18, 19]:
Dp ¼ ð1 emfÞ  ðqs  qgÞ  g  hmf ð10Þ
where (g) is the gravity, (emf) is the volume fraction
occupied by the fluid at minimum fluidization velocity and
(hmf) is the initial height of the bed at this condition.
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The transition of the rig from fixed to fluidized bed is
controlled by the minimum fluidisation velocity (Umf),
which depends mainly on the fluidization material char-
acteristics such as particle diameter and density, and is
defined as [4, 20]:
Umf ¼
d2s  ðqs  qgÞ  g
1650  lg
for Res  20 ð11Þ
U2mf ¼
ds  ðqs  qgÞ  g
24:5  lg
for Res  1000 ð12Þ
The Reynolds number (Remf) at minimum fluidization
velocity is given by the equation [21]:
Remf ¼
qg  ds  Umf
lg
ð13Þ
Fluidized bed experimental test rig
For the validation of the simulations, the experiments were
performed on a pilot-scale bubbling fluidized bed com-
bustor with a heat capacity of 350 kW.
This test facility incorporates a combustor section, an air
cooled heat exchanger for cooling the flue gases, a cyclone
and bag filter. This bubbling fluidized bed also includes a
temperature and pressure measurement devices. The
schematic of the pilot-scale test rig used in the current
study is shown in Fig. 2.
All process parameters such as temperatures and pres-
sures were recorded using thermocouples and pressure
transmitters and stored every 5 s by a computer logger. The
pressures were measured at five different locations, at the
bottom (Plenum), below bed, above bed and in the free-
board. The measured data obtained from the fluidized bed
including volumetric flow rates of the fluidizing air and
emission parameters were connected to a National Instru-
ment module and then recorded and analyzed.
The combustor section has an overall dimensions of 1m
1m 5m high and consists of a fluidized bed modules, a tran-
sition section, and an extended freeboard section. Themild steel
casing is refractory lined throughout. The internal dimensions of
the fluidized bed are 0:42 0:38m. These dimensions enable
minerals to beprocessed at rates up to500 kg/h, andcombustion
of bio-fuels andwastes at up to 100 kg/h, depending onmaterial
type and plant operating conditions.
Fig. 2 Schematic of the used test bubbling fluidized bed including instrumentation
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The plant can be operated with fluidized bed heights of
up to 0.70 m, and fluidizing velocities of up to 3.5 m/s at
typical combustion temperatures. The fluidized bed was
filled with silica sand as bed material up to a height of
0.30 m. The particles had a density of 1639 kg=m3 and an
average mean diameter of 0.6 mm. The same conditions
are used for the simulations.
This bubbling fluidized bed combustor operates in the
bubbling fluidization regime. The fluidizing air was intro-
duced from the bottom of the combustor. The bed material
was fluidized by controlling the air flow rate.
The measured air mass flow rates were between 0.17
and 0.19 kg/s. The superficial inlet gas velocity through the
bed can be calculated using U0 ¼ Q=A and qg ¼ m=v, Q is
the air flow rate in m3=s and A ¼ 0:16m2 is the cross-
sectional area of the bed.
Therefore, with the air density of qg ¼ 1:164kg=m3 at
30C, the superficial gas velocity is between 0.91 and
1.01 m/s.
Results and discussion
In this investigation, numerical modelling and simulation
as well as experimental studies have been carried out for
validation of hydrodynamics of gas–sand multiphase flow
in the fluidized bed combustor model. This validation is
necessary for the optimisation of the control system in this
multivariable process as well as for developing a further
combustion model.
The hydrodynamic behaviours of the bubbling fluidized
bed combustor were analysed by monitoring the contour
plots of static pressure drop across the bed and solid vol-
ume fraction profile.
The distribution of pressure drop across the packed bed
of sand particles against four inlet velocities, 0.5, 1.0, 1.25
and 1.5 m/s using the Syamlal and O’Brien drag model are
shown in Fig. 3.
It can be seen that the bed height increases with the
increasing of gas superficial velocity.
It has been also observed that by increasing the gas inlet
velocity, the pressure drop has been increased until the
condition, where the gas velocity is at minimum fluidiza-
tion velocity of 1.0 m/s has been reached.
At this minimum fluidization velocity the pressure drop
remains constant.
Furthermore, by further increasing of the inlet gas
velocity, the void fraction increases with the bed expansion
in the fluidized bed, which in turn leads to decrease in
pressure drop.
The obtained volume fraction results of solid phase in
Fig. 4 show the solid particles in bubbling regime at
minimum fluidization velocity of 1.0 m/s.
At this minimum fluidization velocity, the fluidization
state is stable and the bed height remains constant over the
whole simulation time.
Uniform particle distribution across the distributor plate
and stable gas bubbles were observed, and thus a uniform
fluidization of the sand particles is achieved.
The four superficial gas velocities of 0.5, 1.0, 1.25 and
1.5 m/s used in these CFD investigations are compared to
the experimentally measured minimum fluidization velocity
obtained from the pilot-scale bubbling fluidized bed. Both
simulations and measurements of the bubbling fluidized bed
were run for 350 s. The value of minimum fluidization
velocity of the pilot-scale bubbling fluidized bed combustor
is approximately obtained to be at around 1.0 m/s.
In the CFD simulations, the exact value of minimum
fluidization can only be obtained by performing more
simulations near this value as shown in Fig. 5.
Fig. 3 Static pressure of bed materials for sand particles using the
Syamlal and O’Brien drag model with four inlet velocities, 0.5, 1.0,
1.25 and 1.5 m/s
Fig. 4 Volume fraction distribution for the sand particles using the
Syamlal and O’Brien drag model with four inlet velocities 1.0 m/s
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It is shown that there is no significant difference
between the minimum fluidization velocities, the simula-
tion and measurement results are very close to each other
all the time.
The pressure drop results from these simulations are
plotted as a function of these gas velocities and the mini-
mum fluidization velocity is defined as the point in which
the pressure drop across the bed remains constant, and
finally, the predicted pressure drop results were validated
by comparing with the real data from the pilot-scale flu-
idized bed.
Figures 6, 7, 8 and 9 show the graphically presented
pressure drop results of the bubbling fluidized bed obtained
from the CFD simulations.
These predicted results have been studied by consider-
ing different superficial gas velocities, both under and
above the minimum fluidization velocity. All these pres-
sure drop results are plotted as a function of the superficial
gas velocity.
It can be seen that the total static pressure drop predicted
from the CFD simulations across the distributor varies
between 3250 and 4350 Pa for all inlet superficial gas
velocities.
The predicted pressure drop results at a superficial gas
velocity of 0.5 m/s are plotted in Fig. 6.
It is observed from the Fig. 3 that the bed material
height at the superficial gas velocity of 0.5 m/s remains
unaffected (fixed bed), and there is no movement of sand
particles. Furthermore, it can be seen from Fig. 6 that at
this superficial gas velocity of 0.5 m/s, the pressure drop
profile remains constant with an average of about 4000 Pa
during the whole simulation period. In this fixed bed con-
dition the gas flowing across the sand particles does not
have enough velocity, which was less than the minimum
Fig. 5 Time series of superficial fluidization velocities obtained from
CFD simulations compared with experimental measurements
Fig. 6 Plot of pressure drop across the bed against superficial
velocity of about 0.5 m/s
Fig. 7 Plot of pressure drop across the bed against superficial
velocity of about 1.0 m/s
Fig. 8 Plot of pressure drop across the bed against superficial
velocity of about 1.25 m/s
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fluidization velocity at all obtained pressures to move the
solid particles.
The pressure drop results at the superficial gas velocity
of 1.0 m/s are plotted in Fig. 7.
By increasing the superficial gas velocity from 0.5 to
1.0 m/s, the pressure drop has been increased from 4000 to
4350 Pa.
It is shown that at the gas inlet velocity of 1.0 m/s, the
maximum pressure drop of about 4350 Pa has been
reached, and the superficial gas velocity value at which the
maximum pressure drop is reached, is considered to be the
minimum fluidization velocity. It can be also seen that the
fluidization state is stable and the expansion ratio remains
constant.
As the superficial gas velocity is increased further above
the minimum fluidization velocity of 1.0 m/s to the gas
velocities 1.25 and 1.5 m/s as shown in Figs. 8 and 9, the
pressure drop results across the bed area has been
decreased. This decrease in pressure drop after reaching the
steady state fluidization is explained by the increase of void
fraction. Furthermore, a transformation from bubbling
fluidization to slugging regime has been observed for both
simulations at these superficial gas velocities, which are
higher than the minimum fluidization velocity of 1.0 m/s.
The simulation results of static pressure drop across the
distributor at the superficial gas velocity of 1.25 m/s are
plotted in Fig. 8.
It can be observed that an increase in the gas flow rate
above the minimum fluidization velocity will directly result
in a decrease of the pressure drop of bed. A sudden
decrease in the pressure drop is observed. Furthermore, an
unstable regime of fluidization resulting in large pressure
fluctuations has been also observed.
When the velocity of a gas through a bubbling fluidized
bed is increased above the minimum bubbling velocity, the
bubble size increases and frequently split and coalesce
passing through the bed as slug.
The passage of these gas slugs produce large pressure
fluctuations inside the fluidized bed. The fluctuations in
pressure drop were caused by the slugging flow regime.
The pressure drop fluctuation results at a superficial gas
velocity of 1.5 m/s are plotted in Fig. 9.
It is observed that with a further increase in gas velocity
from 1.25 to 1.5 m/s, the predicted pressure drop has been
further decreased. Larger and higher amplitude of pressure
drop fluctuations has been observed, which results in fur-
ther instabilities of the fluidization. These predicted insta-
bilities in the fluidization of the pilot-scale bubbling
fluidized bed are caused by the slugging-flow regime.
Figure 10 shows a comparison of the CFD numerical
simulation results plotted in Figs. 6, 7, 8 and 9 with the
measurements. All obtained simulation results were run for
350 s and validated against experimental results.
It can be seen that at the superficial gas velocity of
1.0 m/s, both experimental measurements and CFD simu-
lation give approximately the same pressure drop values
between 4250 and 4350 Pa. In contrast, all other simulation
results at under and below the minimum fluidization
velocity have predicted a lower pressure drop values than
measurements. At minimum fluidization velocity, all
obtained results have shown to promote a good prediction
of pressure drop across the bed during whole operation
time. Therefore, the pressure drop predicted by the CFD
simulation at a superficial velocity of 1.0 m/s using
Syamlal and O’Brien drag model agreed reasonably well
with the experimental measurements. Furthermore, there is
no significant difference between the experimental mini-
mum fluidization velocity of the test rig and the minimum
superficial gas velocity obtained based on the predicted
pressure drop results. Finally, it can clearly be seen that
Syamlal and O’Brien drag function gives a good prediction
Fig. 9 Plot of pressure drop across the bed against superficial
velocity of about 1.5 m/s
Fig. 10 Comparison of experimental measurements and CFD sim-
ulated results for pressure drop at different velocities
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in terms of pressure drop and also, Syamlal and O’Brien
drag law correctly predicts the minimum fluidization
conditions.
Conclusion
The CFD model and simulation are created as a realistic
representation of the actual pilot-scale bubbling fluidized
bed. The validation of the predicted results has been based
on experimental measurements. Therefore, the predicted
pressure drop results were compared to the experimental
measurements obtained from the pilot-scale bubbling flu-
idized bed combustor. The value of the minimum flu-
idization velocity Umf, at which the pressure drop across
the bed reaches a maximum value and the gas–solid flow
achieves a uniform and stable fluidization regime is found
to be 1.0 m/s. This minimum fluidization gas velocity
predicted from the numerical simulation is approximately
equal to the superficial gas velocity of the bubbling flu-
idized bed combustor. At this minimum superficial gas
velocity, the pressure drop results predicted from the
simulation using the Syamlal and O’Brien drag model were
similar to the pressure drop measurements. Therefore, the
predicted pressure drop results from the three-dimensional
CFD simulation including the minimum fluidization
velocity were found to agree well with the experimental
pressure drop data across the bed. These findings show that
the CFD simulation using the Syamlal and O’Brien drag
model is capable to predict the hydrodynamics in fluidized
bed combustors, and thus the proposed model provides a
useful basis for further works on the development of the
CFD simulation for the combustion part as well as for
future control strategies of the process.
The next study will investigate the influence of different
solid particle diameters on pressure drop in a large-scale
industrial sewage sludge fired bubbling fluidized bed.
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